When phosphorus (P) fertilizers were introduced, the main goals were to increase the productivity and profitability of agricultural crop production. Over time, other goals have been added: to minimize losses affecting water quality, to increase recycling, to reduce consumption of the limited resource, to improve soil health, and to enhance biodiversity. The science of 4R nutrient stewardship addresses these multiple goals. Across latitudes, temperate and tropical soils differ in their chemical reactivity with P. Legacies of cumulative P surplus, however, differ more widely across longitudes than latitudes. As of 2016, the ratio of cumulative P surplus to current crop P removal ranged from 18 in the United States to 31 in Brazil to 63 in western Europe. The opportunity to use these legacies to improve P use efficiencyand to reduce risk of harm to water quality-in all three regions depends on the improvement of tools to assess the availability of soil P to crops. Science focused on balanced crop nutrition and systematic analysis of crop response has the opportunity to improve farm-level tools to guide responsible management of P. Transitions in 4R practice depend on engagement between science and industry not only at the farm level but along the full agricultural value chain. Whole-system changes may be necessary to enable practitioners to implement 4R nutrient stewardship strategies that can in turn result in major improvements to fullchain use efficiency of the earth's P resources.
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The Science of 4R Nutrient Stewardship for Phosphorus Management across Latitudes Thomas W. Bruulsema,* Heidi M. Peterson, and Luis I. Prochnow T he 4R nutrient stewardship approach was designed to link choices for the right source, right rate, right time, and right place of nutrient application to the social, economic, and environmental dimensions of sustainability (IPNI, 2012) . It was designed to be applied globally across latitudes and to engage a wide range of stakeholders with interests in both its implementation and its outcomes. We aim here to describe examples of its application to phosphorus (P) management in modern agriculture, answering the following practical questions. First, how can a 4R nutrient stewardship approach to P management improve the multiple ecosystem services implied by the three dimensions of sustainability? Second, what do the legacies of past applications relative to removals as cumulative nutrient balances tell us about the relative efficiency of temperate and tropical soils across latitudes? Can these legacies point to areas for improvement in the application of 4R nutrient stewardship to P management? Third, substantial improvements often require the transition of whole systems to attain changes in management practices. Such transition management requires the engagement of a wide range of practitioners and scientists from a number of disciplines. Are there examples applied to P issues where such engagements are achieving results?
Multiple Ecosystem Services
Applying the principles of 4R nutrient stewardship to the management of nutrients relates to a minimum of nine indicators, many of which were introduced in IPNI (2012). Each of these indicators represent an area of impact. Seven of the nine apply directly to P.
The first three indicators-farmland productivity, soil health, and nutrient use efficiency-relate to the farm scale and can be measured for each field and farm. Productivity and soil health are critically important for current and future food security, in the interpretation of nutrient use efficiency as a performance indicator (Norton et al., 2015) . Applying the right source of P at the right rate, time, and place ensures P does not limit yields, maintains optimum levels of soil fertility, and optimizes nutrient use efficiency of P while supporting optimum use efficiencies of other nutrients, including nitrogen (N).
The next three indicators relate to impacts beyond the boundary of the field and farm: direct impacts of P management on water quality and less-direct impacts, primarily through impacts on N use efficiency, on air quality and greenhouse gases. These operate from the regional to the global scale. These impacts, both direct and indirect, are not easily measured at the field and farm scale but can be estimated using appropriate risk indexes and models designed for those scales.
The final three indicators comprise food security, biodiversity, and macroeconomic value, important at national and global scales. Measurement or estimation of impact on these is beyond the scope of the individual farmer or on-farm decision maker but represent value of the aggregate impact of the stewardship efforts of all involved in the agricultural product supply chain.
Improvements to all nine of the foregoing indicators can be considered restorative to ecosystem services. Agriculture is deeply embedded in the regulating, cultural, and supporting components of ecosystem services, and the management of agricultural nutrients equally so. A recent paper on management strategies to support the delivery of multiple ecosystem services from agricultural systems (Macintosh et al., 2019) pointed out an example from irrigated pastures in New Zealand, a country in which 139 kt P fertilizer was applied to grassland in 2014. In this example, soil test P was related to four measured indicators: crop yield, soil carbon (C), percentage clover, and water extractable P. Crop yield represents the provisioning component of ecosystems services. Soil C indicates both soil health and greenhouse gas mitigation. Percentage clover relates to biodiversity of both plants and pollinators. Potential for P loss was estimated as a function of soluble P extracted by CaCl 2 and relates to risks of harm to water quality. Optimum soil test P levels for clover and soil C were shown to be higher than those for yield, although of course, the relation to P loss is a trade-off requiring quantification and valuation for a true system optimum. Macintosh et al. (2019) also identified fertilizer source, placement, and timing as factors influencing these outcomes on a practical scale. The optimization of the 4Rs of nutrient stewardship to support a full range of ecosystem services is thus shown to be a rich field for further scientific exploration. Enabling farmers and farm advisers to calculate and report the impacts on a full range of ecosystem services can serve to guide P management toward mitigating the risk of harm to water quality that comprises a part of the brokenness of current P cycles.
Legacies across Latitudes
Most nations with intensive agricultural production have a history involving several decades during which more P was applied to cropland than removed in harvested crops. Attention has recently been directed to the case of Brazil, where the cost of soil P fixation has been presented as a "tax" imposed by the soil, limiting returns on the use of a valued finite natural resource (Roy et al., 2016) . Brazil's cumulative surplus of inputs over outputs has been calculated to exceed 30 Tg P, calling for its recognition and utilization in strategies that reduce current surpluses (Withers et al., 2018) . These analyses question whether tropical soils can be expected to support levels of P use efficiency similar to those of soils in temperate regions.
A recent global-scale analysis of agricultural P inputs and outputs (Mogollón et al., 2018) provided data for comparing the historical case of Brazil to those of the United States and western Europe, from 1900 through 2000. To bring the balances up to date, current statistics from FAOSTAT, IFASTAT, NuGIS, and Withers et al. (2018) were used to continue the fertilizer and crop removal series to 2016. Manure inputs were assumed to follow the model projections in Mogollón et al. (2018) .
In western Europe and the United States, the development of fertilizers led to agricultural P surpluses beginning around 1930 and continuing into the 1990s (Fig. 1) . The area between the lines in Fig. 1 showing crop removal and total input represents cumulative P surplus. Rates of application, relative to crop removal, have diminished in recent years, to levels near current crop removal. Even though the input rates have declined more in Europe than in the United States, Europe's cumulative surplus amounts to 63 times current annual crop removal, while the corresponding figure in the United States is only about 18. Possible reasons for the larger surplus in western Europe include a misperception that soil P fixation was indefinite (Syers et al., 2008) , the post-World War II socioeconomic policy, a longer history prior to 1900 of cropping with P deficits, and a different mix of crops. Also, crop removal in western Europe has not increased in recent decades, while it continues to do so in both the United States and Brazil owing to continuing increases in crop production.
The development of Brazilian agriculture on the tropical soils of the Cerrado did not begin to expand rapidly until around 1980, but large initial inputs of P were required to bring these lands into production. Since these highly weathered Oxisols have high P fixation capacity and low P availability to plants, they require high levels of P application in the initial years of production (Batjes, 2011) . In Brazil, annual P application rates continue to exceed outputs more than twofold, which when combined with expanding cropland area and increasing annual frequency of crops creates a steeply increasing cumulative surplus, currently at 31 times crop removal (Fig. 1) . The ratio of cumulative surplus to current crop removal indicates the amount of P invested to enable the current return in terms of cropland productivity. As a scalable indicator, it could also serve to identify where accumulated legacy P might be most available for exploitation.
While a simple linear projection of this trend might imply that Brazil's ratio of cumulative surplus to current crop removal will exceed that of western Europe within a few decades, there are indications that inputs on Brazilian farms could be reduced on soils that have been in production for a few decades. Results of several long-term field experiments show yield optimization at rates not exceeding crop removal (Withers et al., 2018) .
An example is shown in Table 1 (adapted from Zancanaro et al., 2018) in which a range of P rates (including both basal and crop-specific) was applied to a soybean [Glycine max (L.) Merr.]maize (Zea mays L.) double crop rotation over an 8-yr period from 2010. While treatments included P placement as well as rate, and amendments with lime and phosphogypsum, the rate of P application had the largest effect on yields. The treatment supplying a rate of 22 kg P ha -1 to each crop following a basal application of 87 kg P ha -1 produced yields near maximum, with a P input/output ratio of 1.6, representing better than average efficiency for Brazil.
The land for this experiment was in cultivation for only 2 yr before the start of the experiment; prior to that, it was in unfertilized pasture for 20 yr. Thus, the cumulative P surplus before 2010, while unknown, is not likely to be large. The data show that even in a highly P-responsive soil, optimal yields can be attained with only modest surpluses over crop removal. Current soil test P levels (data not shown) indicate that the soils of the long-term zero-input plots remain low in available P, while the soils of the treatments supporting optimal yields now exceed the critical level. It is interesting to note, however, that when crops are fertilized at rates exceeding twice crop removal, the ratio of cumulative surplus to current annual removal can attain high values after as little as 8 yr.
It is likely that even on tropical soils, given sufficient history of soil P accumulation with attention to soil conserving residue management practices, farmers may be able to reduce their P inputs to levels replenishing crop removal, while continuing to expand and intensify their production. Withers et al. (2018) noted that "combined use of no-till, cover crops, and 4R enable a transition to align P inputs more closely with crop offtake." This finding bodes well for sustainable enhancement of food and nutrition security using appropriate management of tropical soils. Tropical soils offer more opportunities to increase cropping frequency than those in temperate regions, and thus there is high potential return to the investment in their P fertility.
Within both temperate and tropical soils, however, sustainability demands that all farms adjust their input-output balance to suit the needs of their soils. Even within the apparent overall nutrient balance in the United States, serious environmentally polluting surpluses and yield-limiting deficits are known to exist concomitantly among different regions of the country, and geographic decoupling limits the recycling of P from human and animal wastes ( Jarvie et al., 2015) .
At the farm level, reliable tools are required for the assessment of soil P fertility. Most current soil tests are capable of identifying where P responses are likely, but not where they are assured, and it is difficult to identify where P sufficiency is assured without fresh P input. Many of Europe's and North America's soil fertility specialists agree that it is difficult to convince farmers to reduce application rates, since P nutrition is critical to crop yields and may occasionally limit yield even at high soil test levels (Nawara et al., 2017; Fixen, 1995) . Enhancing the credibility of soil testing through open and transparent data sharing-for example, as done in Australia through the Better Fertilizer Decisions for Crops database (Conyers et al., 2013) -is a first step toward improving the acceptance of the soil test as a reliable metric of the availability of the soil's legacy of P. There is potential to improve the power of this approach by expanding to include soils from countries across latitudes and around the planet.
4R Transition Management
Nutrient stewardship encompasses more than the application management implied by the 4Rs. It includes soil conservation and cropping system management as well. The 4Rs deserve prominence since they represent the factors most directly Table 1 . Average yields of soybean and maize in a two-crop annual rotation from 2010-2011 to 2017-2018 in a long-term field experiment with three replicates comparing various combinations of basal and crop-specific fertilizer P application rates. P input/output ratios were calculated by multiplying removal coefficients by yields and comparing to total amounts of P fertilizer applied over the period. Matto Grosso Research Foundation, Itiquira, Brazil (Zancanaro et al., 2018) manageable at the entry point of nutrient additions to the system. Other crop management factors-such as choice of crop species and cultivars, pest management, and tillage-can have equally direct impact on many of the same indicators influenced by choices of source, rate, time, and place of nutrient application. Such management factors, and the full socioeconomic context of the cropping system, impose limits on the ability of farmers and their advisers to make changes to current 4R nutrient application practices. The larger picture of societal management of P flows involves an even broader set of options. Large opportunities exist to improve the recycling of P in livestock manures, food wastes, and human wastes. Most of these sources require processing-to reduce bulk and improve the form to enable economical transport and precise application-to be considered "right source." Improving the efficiency of such processing is a scientific and technical challenge that requires investment. Such investments have potential to improve full-chain P use efficiency and reduce some of the surplus accumulations in soils that drive part of the eutrophication problem.
Establishing a new sociotechnical regime toward 4R P management requires patience to engage science and technology, culture, infrastructure, policy, and markets all within the appropriate window of opportunity to embrace the momentum and concurrently reconfigure processes toward a new trajectory (Geels and Schot, 2007) . Moving toward a more circular, more sustainable P system involves change to all five dimensions. The pathway of changes may vary. Different external pressures may contribute to driving change at the regional scale. Examples could include perceptions of limited reserves of phosphate rock, trends in algal blooms and water quality impacts, or P limitation to crop productivity and food security. Agronomic and environmental scientists might see themselves as actors in the niche of agricultural science and technology, but total system change will involve aligning this niche with those of others involved in the transition through engaged dialogue. Regardless of the dynamics, this change will not take place if a key actor is missing from the discussion-all must have a seat at the table.
This kind of transition management has been included in the concept of 4R nutrient stewardship. Figure 2 illustrates how the range of practical choices for source, rate, time, and place of P application at the farm level is governed by information, tools, advice, and resources provided at the regional level. For example, farmers can only implement improved soil P assessment if tools such as soil testing are developed, supported, and extended at the regional level by agronomic scientists and agri-service providers. The agronomic scientists and service providers cannot accomplish the task without support at the policy level for publicly funded research or market-driven investments in technology development.
When it comes to choices of timing and placement of nutrient application, the range of options is limited by the prevailing cropping system. Choices for nutrient applications interact with choices for tillage and crop rotation. For example, in the Western Lake Erie watershed-draining parts of Ohio, Indiana, and Michigan in the United States and Ontario in Canada-applying P following the harvest of winter wheat (Triticum aestivum L.) entails much less risk of loss to drainage water than a broadcast application in late fall or early spring in a soybean-maize rotation. Innovation may require the participation of a range of actors along the whole food supply chain. For instance, if crop rotation change is needed to support change in nutrient timing and placement, the involvement of influential buyers willing to commit to creating or enhancing markets for particular crops in particular watersheds may be critical to success. At each of the three levels (as shown on the left side of Fig. 2) , both science and industry need to be engaged and working toward the same goals, the same metrics of sustainability performance.
The 4R Certification Program for agri-retailers in the Western Lake Erie watershed (Vollmer-Sanders et al., 2016) is an example of a market infrastructure change required to overcome an obstacle in the avoidance of a time-place combination long known (e.g., Phillips et al., 1981) to pose risk to water quality: the application of P to frozen soil. The 4R certified retailer does not custom apply fertilizer P on frozen or snow-covered soil. Without the certification program, the agri-retailer was not empowered to deny a customer asking for such winter application, owing to the chance of losing the customer to a competitor. The logo empowers an agricultural retailer based on the knowledge that neighboring 4R certified retailers are also subject to losing their certification should their noncompliance with the standard be reported.
Success in the Ohio portion of the Western Lake Erie watershed has led several other jurisdictions (states and provinces) to show interest in 4R certification. Certification is voluntary but involves a third-party audit ensuring compliance with approximately 40 specific criteria relating to training, record keeping, recommendations, and custom applications.
The people involved in developing and supporting 4R Certification Programs include agricultural service providers, staff of industry and environmental associations, university extension personnel, and representatives of farmer organizations and government agencies. They see the opportunity to collect more and better information from the retailers involved in this voluntary program. They are also well aware of knowledge gaps and research needs for relating 4R practices to environmental outcomes such as reduced losses, improved efficiencies, and better water quality. Their work has been instrumental in generating industry willingness to support such research in a collaborative manner. In conjunction with support for research, education, and training, 4R certification represents a pathway toward restoration of broken P cycling at the farm level.
Conclusions
Nutrient stewardship has potential to improve multiple ecosystem services. By linking the 4Rs of P application management, crop management, and soil conservation practices to material indictors and metrics, synergies and trade-offs can be identified and optimized.
Comparing the legacy of P applications to soils among temperate and tropical regions shows a wide range in the ratio of cumulative P surplus to current P removal. This ratio is not higher in the tropical soils of Brazil than in the temperate soils of western Europe but may become so unless better tools are developed for assessing the availability of soil P to crops. Open and transparent data sharing on the efficacy of soil tests is a potentially valuable first step toward a widespread transition to 4R practice.
Translating 4R science into a system transition requires science-industry engagement not only at the farm level but along the full agricultural value chain. Whole-system changes may be necessary to enable practitioners to implement 4R nutrient stewardship strategies that can in turn result in major improvements to full-chain use efficiency of the earth's P resources.
